Wound healing is a complex process involving the delicate interaction between elements that vary widely in nature and size scales, from the nanometre level, such as molecules, to cells measured in micrometres, and fibres with width and length measured on both scales. Hybrid approaches, where each species is represented by a model on an appropriate size scale, have received attention recently. In this study, we provide a review of earlier work on such hybrid models of wound healing. General models for each of the element types involved in dermal wound healing used in this research are described: cells, modelled as discrete individuals; chemicals, modelled as continua; and fibres, modelled with a novel tensorial representation. Techniques for integrating such disparate models are outlined. A six-species model (fibrin, collagen, macrophages, fibroblasts, transforming growth factor-b (TGF-b) and tissue plasminogen activator) of dermal wound healing is presented. The role of the cytokine TGF-b in the healing cascade is investigated using the model, along with its role in the degree of scarring in the healed tissue.
INTRODUCTION
Successful wound healing is a well-orchestrated process involving many cell types, non-cellular components, such as fibrin and collagen, and a cocktail of biologically active chemical species. Although it is a continuous cascade of overlapping processes, it is often divided into three phases: inflammation; proliferation; and remodelling.
Initially, the wound space is filled with blood from the damaged vasculature. The extravasated blood and aggregated blood-borne platelets coagulate to form a fibrin-rich clot that acts to prevent further blood loss and acts as a scaffold for early cell migration into the wound. Cell migration is also stimulated by the release of cytokines, such as transforming growth factor-b (TGF-b), produced by the degranulation of platelets in the coagulation process.
Neutrophils from the intact blood vessels invade the wound space within the first 24 hours as part of the body's immune response. Within 3 days, the neutrophil population has been replaced by macrophages attracted into the wound by chemoattractants. The macrophages debride the wound of pathogenic organisms and tissue debris. They also express cytokines including, but not limited to, TGF-b and plasminogen-activated growth factor (PDGF), both of which act as chemoattractants for fibroblasts.
Within 4 days, proteins such as plasmins start to break down the clot. The production of plasmin is governed by the presence of tissue plasminogen activator (tPA), a protein that converts plasminogen to plasmin. Here, we focus on tPA as a critical molecular species in the cascade. The clot is replaced by granulation tissue, composed of newly formed blood vessels (up to 50% by volume), macrophages, fibroblasts and loose connective tissue. This granulation tissue will completely fill the wound space within a week, and collagen fibrils will have bridged the gap. This precedes a phase of rapid proliferation of fibroblasts that synthesize and remodel collagen.
The final remodelling stage occurs on a longer time scale, often taking weeks or even months to complete. Fibroblasts in the wound continue to remodel collagen, and blood vessels regress leaving a relatively avascular scar. The resulting tissue is characterized by increased collagen density, higher levels of fibre alignment and different proportions of collagens I-III from those observed in normal tissue.
One of the intriguing features of wound healing is that skin wounds on early mammalian embryos heal perfectly without scarring (Whitby & Ferguson 1991) . Embryonic wounds that lead to healing with no scar have low levels of the isoforms TGF-b1 and PDGF and high levels of TGF-b3 (Ferguson & O'Kane 2004) . Recent experiments that manipulate adult wound healing to mimic the embryonic environment have led to scar-free healing in the adult (Ferguson & O'Kane 2004) .
Though there has been experimental work performed on the interactions between the different species involved in wound healing, they are still poorly understood. This is largely due to the complex relationships between the involved species: the extracellular matrix (ECM); cells; and chemical factors. Mathematical modelling is an increasingly important tool for quantitatively defining, then testing, the nature of these relationships. In this work, we aim to provide detailed models of each of the species, and show how these models can be combined into a hybrid model of wound healing by first intention.
In §2, we review models of dermal wound healing, concentrating on previous hybrid multiscale models and their predictions. In §3, we extend these investigations and outline the general component models for fibres, chemicals and cells used in our new framework. In §4, a six-species hybrid model is developed with our framework to examine the inflammation and proliferation phases of wound healing. In appendix B.1, we give details of the numeric procedures used in the simulations. In §5, we give the new results, and end with a discussion in §6. Details of the modelling are given in appendices.
MODELLING DERMAL WOUND HEALING
There have been two main approaches to modelling wound healing. Transquillo & Murray (1992) adopted a continuum modelling approach that incorporated a simple mechanical model of cell traction, where the behaviour of all species was governed by partial differential equations (PDEs). They focused on wound contraction, comparing their predictions with the results obtained with experiments on rats (McGrath & Simon 1983 ). This continuum approach was extended by Olsen et al. (1998) who distinguished between fibroblasts and their active contraction-producing form, myofibroblasts.
An alternative approach to modelling wound healing is based on a hybrid framework. Dallon and co-workers have published a series of papers on this approach (Dallon et al. 1999 (Dallon et al. , 2001 McDougall et al. 2006) , and the work presented here adopts this framework. The focus of these papers is the interaction between fibroblasts and the ECM, with the main aim of predicting the characteristics of the scar tissue that results when a wound heals. The papers consider dermal healing by first intention with no contraction of the wound space; in this work, we discuss the same situation. Dallon et al. (1999) lay the foundation for this type of modelling. The cells (fibroblasts) are treated as discrete entities that move at a constant speed through the rectangular two-dimensional wound space. While their speed is fixed, their direction is governed by the local orientation of the ECM fibres. The ECM, treated as a continuous variable, initially consists of fibrin (a clot) that is replaced with collagen laid down by the infiltrating fibroblasts. The justification for the continuum assumption is that collagen fibres are typically less than 1 mm in radius, whereas a typical fibroblast cell is approximately 50-70 mm in 'length' (Pizzo et al. 2005) . The cells 'sense' the local orientation of the collagen and reorient their motion in the predominant direction (contact guidance). A cell can, in turn, reorient the ECM in its vicinity to be more aligned with its current polarity. The results are obtained using 600 cells on a 0.5!1 mm domain. The model examines (i) the effect of altering the speed of the fibroblasts, (ii) the consequences of reducing the contact guidance of the cells, and (iii) the changes that occur when the initial matrix orientation is varied. They also investigate how the alignment of the final collagen matrix depends on the distribution of cell influx into the wound. The degree of alignment of the final ECM has been implicated in the degree of scarring with normal tissue described as having a 'basket weave' pattern with a fairly random orientation, whereas scarring appears to be associated with more aligned collagen fibres (Rawlins et al. 2006) . Dallon et al. (2000) used the previously developed model to examine anti-scarring therapies using TGF-b (the isoform is not specified). From the modelling, they conclude that the most important factors influencing the quality of the scar are the speed and, more importantly, the influx of fibroblasts from the surrounding undamaged tissue. The TGF-b distribution is not modelled explicitly.
The Dallon et al. (2001) paper again focuses on the role of TGF-b (again the isoform is not specified) in wound healing, although now its concentration (uniform throughout the wound space) is time dependent with a peak approximately 100 hours after wounding. The TGF-b has direct effects on cell motility, cell proliferation and collagen production, but the model predicts that these effects are small and, in addition, the predictions do not explain the anti-scarring properties of TGF-b. However, they do find that changing the fibroblast-collagen contact guidance interaction strongly affects the final collagen alignment, and that this might be an explanation for the experimentally observed influence of TGF-b on scarring.
The more recent McDougall et al. (2006) paper further develops the earlier models by including a chemoattractant with a stationary, spatially nonuniform distribution, which the authors assume is produced by leucocytes that have migrated into the wound bed before the fibroblast infiltration. The model is used to estimate the degree of scarring and predicts that there is a trade-off between the wound integrity (measured by the level of integration of scar tissue with surrounding tissue) and the degree of scarring, with the integrity being maximized when the chemoattractant has a large diffusion coefficient; scarring can be reduced if an inhibitor of the chemoattractant is present.
A GENERAL HYBRID MODEL OF DERMAL WOUND REPAIR

Overview of general model
We consider, as a basis for our work, the methods originally developed by Dallon and co-workers. The authors' use of continuum and discrete variables to represent species on different size scales offers many options for extension and investigation. McDougall et al. (2006) investigated the addition of a fixed TGF-b concentration profile to a hybrid model. However, the concentration profile in a wound changes over space and time, and can be affected by the alteration of various conditions/model parameters. The time evolution of cytokines is included in our model. These are synthesized by individual cells and released from the tissue under certain conditions.
The vector-based representation of collagen and fibrin fibres used by Dallon et al. (1999) has some drawbacks. As mentioned earlier, collagen in healthy uninjured tissue is aligned in a basket weave pattern, as opposed to scar tissue that is characterized by highly aligned fibres. The vector method represents directional alignment; however, it does not provide any explicit information about the degree of isotropy of the field at a point.
The second drawback of the vector approach is that it is inherently unidirectional in nature while fibre alignment is bidirectional. When interpolating to determine the alignment of fibres at points not on a numeric mesh node, it is necessary to choose from one of the two possible alignments, leading to ambiguities in some cases. We propose a tensor-based orientation representation that elegantly overcomes the isotropy and ambiguity limitations.
The cell populations of Dallon et al. (1999) are composed of discrete points. In our model, each cell occupies a circular region of the domain. This approach allows the inclusion of cell-cell interactions such as collisions as well as contact inhibition.
Representation of fibre networks
A tensorial approach is proposed to represent the ECM components (collagen and fibrin) as continua, and is similar to that proposed by Barocas & Tranquillo (1997) . Fibre orientation at a given point is represented by a symmetric tensor
where rðqÞ is the density of fibres at the angle q and u(q) T Z[cos q, sin q] is the unit vector in the direction q. Fibre orientation is bidirectional in nature, so the integral in (3.1) is over the half-plane q2[0, p).
The total density of fibre at a point is defined by the integral
Taking the trace of the orientation tensor, U, in (3.1) shows that the fibre density in (3.2) is implicitly stored as the trace of the orientation tensor.
If the fibres at a given point are represented by n discrete fibres with individual orientations q 1 ,q 2 , ., q n and densities r 1 , ., r n , the fibre density (3.2) can be written more simply as a sum r Z X n i Z1 The orientation tensor is a symmetric positive definite, and consequentially it can be decomposed as the sum of its (orthogonal) eigenvectors' outer products
ð3:6Þ
where the weights, l 1 and l 2 , are the corresponding positive eigenvalues. The eigenvalues are ordered such that l 1 Rl 2 , and we label (l 1 , v 1 ) as the dominant eigenpair. These eigenpairs can be used to measure the degree of isotropy and alignment of fibres. The eigenvector v 1 corresponding to the largest eigenvalue gives the dominant direction of fibre alignment.
In the case where both eigenvalues are equal, the fibre distribution is perfectly isotropic (UZaI ), and in the case where l 2 Z0 the fibres are oriented in only one direction Gv 1 , and (3.5) degenerates to the rank one case
Thus, the orientation of the eigenvectors gives information about the direction of alignment, and
gives a metric for local fibre anisotropy. Figure 1 gives a visual representation of bundles of fibres of uniform density whose orientation tensors have been calculated using the discrete form in (3.4). The ellipsoid glyphs in figure 1 are useful for visualizing fibre distribution properties at discrete points. However, to visualize the orientation of large fields, where orientation properties can vary from scale to scale, a better approach is required. In figure 2 , a pseudo-streamline approach has been made that intuitively indicates both local and global alignment properties. See appendix B.2 for details of the pseudostreamline technique.
Cell model
The cell population consists of discrete individuals, each occupying a two-dimensional disc in the plane. Each cell receives cues from its surrounding environment. These include local cytokine concentration and collagen alignment, which, together with local cell-cell interactions, determine its behaviour.
Many cell behaviours, such as proliferation, are stimulated by cytokines. The model cell has a fixed number of receptors for a given cytokine, and the proportion of receptors bound by the cytokine, n, is determined by the ordinary differential equation where b c and g c are the receptor unbinding and binding rates, respectively, and f is the concentration of the cytokine. A cell's response to a change in cytokine concentration is not instantaneous, instead it is dependent on the rate of receptor binding g c . Likewise, the cell will exhibit persistence in cytokine-induced behaviour, inversely proportional to b c . It is assumed in (3.9) that the number of receptors on a cell is fixed. Of interest is the effect of reducing the number of receptors available for binding by using receptor blockers. This is incorporated into the model by reducing the proportion of receptors that can be bound from unity to n a , so that equation (3.9) becomes dn dt ZKb c n C g c fðn a KnÞ: ð3:10Þ
The model cell also receives directional cues from its environment. All cell types exhibit chemotactic behaviour, so that the cells migrate in the direction of the (increasing) gradient of a chemoattractant. Some cell types, such as fibroblasts, also respond to the local orientation of the ECM by orienting their motion in the direction of the dominant collagen alignment.
We propose a model for chemosensory cell movement, similar to that of Stokes et al. (1991) , based on receptor binding, with a stochastic term accounting for the random aspect of cytokine molecule binding to a finite number of receptors. In ECM of uniform fibre orientation, a cell's alignment is affected solely by the chemoattractant gradient, Vf, which we will refer to as its chemotactic bias. The chemotactic bias is defined by the vector-valued function g c , governed by the stochastic differential equation
The first term accounts for the loss of chemotactic bias as a result of freeing bound receptors. Directional persistence is inversely proportional to b; lower values of b increase the 'memory' of the cell. The bias of the cell towards the chemotactic gradient is governed by the second term, with sensitivity g. We propose that as cell receptors become saturated, the cell is less able to perceive the gradient, with cells exhibiting more pronounced chemotactic responses in lower cytokine Modelling wound healing and scarring B. D. Cumming et al.
concentrations. To account for this, the bias term is also scaled by the number of free receptors (n a Kn).
Variations in bias due to stochastic fluctuations in binding/unbinding are included in the third term. The stochastic variable W is the normal Weiner variable, where W(t)KW(s) is normally distributed with mean 0 and variance (tKs), given that tOs.
Some cell types, such as fibroblasts, show preferential alignment and migration in the direction of local fibre orientation (contact guidance; Dickinson et al. 1994) . Fibre orientation is bidirectional, with the cells being polarized towards the fibre direction closest to that of their chemotactic response. The cell orientation adjusted for fibre orientation is given by g Z ðð1KrÞI C rÛÞg c ; contact guidance;
where g is the cell's direction of migration;Û is the normalized (length-preserving) local fibre orientation tensor; and 0%r%1 is the local scaled fibre density. Thus, the fibre alignment has little effect on isotropic fields (Û zI ) and when fibre density r is small. If a cell type's orientation is not influenced by fibre alignment, it is determined solely by the direction of its chemotactic bias.
Modelling cell populations with discrete individuals, each occupying volume, allows the inclusion of complex cell-cell interactions. Such interactions are very difficult to model if the cell population is treated as a continuum or as a set of dimensionless points. For example, cells in the middle of a tightly packed group become trapped and are unable to migrate.
Cells are represented as inelastic discs with no cellcell overlap. When one cell blocks the path of another, the cell whose path is blocked will change its path such that the smallest deviation is made to its preferred direction of migration, g in (3.12), while avoiding overlapping. This is illustrated in figure 3 . Such cell-cell interactions are short range in nature. Only nearby cells in the cell population need to be considered when determining such influences on a cell. The algorithm for calculating such cell-cell interactions is O(N 2 ) in computer time for a population of N cells, which becomes prohibitive for large populations. To overcome this, the domain is subdivided into a grid of equally sized regions, and lists of the cells that are currently in each region are maintained. Thus, only cells that are currently in a cell's region, and in neighbouring regions, need to be considered when calculating cellcell interactions.
Chemical species model
Biologically active chemicals play an important role in this model. They regulate cell behaviour, are synthesized by cells and interact directly with the fibrous network in the decay of the initial fibrin clot. We use the diffusion equation vf vt Z V$ðDðx; tÞVfÞ C Sðx; tÞ ð3:13Þ
to model a generalized chemical of concentration f. The non-constant diffusion coefficient in the first term allows the diffusion coefficient to vary over space and time. The source term S(x, t) represents the production and decay of the bioactive chemical. In the model developed in §4, diffusion is dependent on the density of the ECM, and cells act as point sources. Equation (3.13) is solved numerically using the finite-volume method. It is an extension of previous models involving discrete cells and cytokines in which dynamically changing chemical fields can be modelled, and is essential for modelling wound healing processes over longer periods of time.
The model presented above is general in the sense that, for example, the equations would apply to a general problem involving any number of cell species and cytokines. Now we focus on the six-species model (fibrin, collagen, macrophages, fibroblasts, tPA and TGF-b).
A SIX-SPECIES WOUND HEALING MODEL
As a demonstration of the insights that can be gained using the modelling framework presented thus far, we now develop a model of the healing of a wound in the dermis by first intention. We are interested in the first two weeks of healing, which correspond to the inflammation and proliferation stages discussed in §1. The mechanical properties of the wound, such as stress and contraction induced by migrating fibroblasts, are not considered here as they are assumed to be smaller and less significant in a narrow wound healing by first intention.
The two-dimensional domain illustrated in figure 4, representing a cross section of the dermis perpendicular to the epidermis, is used in the simulation. The top boundary of the domain corresponds to the bottom of the epidermis. Directly below the epidermal boundary is the wound space from an incision initially filled by a fibrin clot. The wound is surrounded by uninjured tissue comprising isotropically oriented collagen. The entire domain has dimensions of 1200!1600 mm, with the wound space having dimensions of 400!800 mm. Modelling wound healing and scarring B. D. Cumming et al. 23 The domain is discretized on a regular mesh, with the same spatial discretization used for both the fibre and the chemical species. Cell positions are independent of the mesh points. See appendix B.3 for further information on the interpolation between mesh-based and cell-based species.
Two fibre networks, collagen and fibrin, are the components of the ECM considered here. Two cytokines, TGF-b and tPA, regulate cell behaviour and the decay of the fibrin clot, respectively. Two cellular species, fibroblasts and macrophages, are involved in the remodelling of collagen and the expression of cytokines. Here we give an overview of the model equations, with further notes on the parameters and the numerical solution of the equations in appendix A. A list of the variables used in the equations is given in table 1.
The densities of fibrin and collagen in the ECM, r f and r c , respectively, are scaled such that their sum does not exceed unity, 0%r f Cr c %1. The ECM in the wound space is initially composed of a fibrin clot of uniform isotropic orientation, i.e. U f ZI and r f Z1. A simple model is used to describe how the fibrin clot is broken down by tPA, at a rate proportional to the concentration of tPA, namely
where r p is the constant rate for fibrin degradation by tPA. It is possible to express the time evolution of fibrin in (4.1) in terms of density r f alone, because it is assumed that the orientation of the clot does not vary as it decays. The tPA concentration is governed by a diffusion equation of the form given in (3.13), i.e.
where the source term T(x, t) accounts for production at the perimeter of the wound by healthy endothelium during the initial stages of healing, and D p (x, t) is the diffusion coefficient of tPA, which varies with fibrin density (see appendices A.2 and A.3 for the functional forms of T and D p ).
As the fibrin decays, it is replaced by collagen produced by fibroblasts that migrate into the wound, which we model using
where the product (1Kr f )(1Kr c ) dictates that the total density of fibrin and collagen does not exceed unity. The rate at which collagen is synthesized by fibroblasts that migrate into the wound, W Fc , is defined in appendix A.4. The concentration of TGF-b is governed by the equation wheren is the unit normal to the boundary and k is a constant. The concentration of both the chemicals outside the domain, f N , is taken to be zero. The two cell species, macrophages and fibroblasts, are present initially only in the ECM surrounding the wound space. Following the observations of McDougall et al. (2006) , the density of both cell types increases linearly with distance from the epidermis. This assumption is based on cell-staining experiments (Adams 1997) . A cell that migrates off the computational domain is replaced by a cell placed at the edge of the domain at a random location sampled from the initial random linear distribution.
Macrophages are assumed not to proliferate and have a constant population of 400. They exhibit a chemotactic response to TGF-b, which promotes their migration into the wound space. Once exposed to TGF-b and fibrin inside the wound space, they express more TGF as given by equation (A 2).
Unlike the macrophages, the fibroblast population is not fixed at its initial size of 100. A simple model of proliferation stimulated by exposure to TGF-b is used. For mitosis to occur, an individual fibroblast has to have a threshold proportion of its F receptors, n p , bound for some fixed proliferation time, t p . Furthermore, contact inhibition of proliferation is included by In addition to receiving directional cues from the concentration gradient of TGF-b, a fibroblast's orientation is affected by the local alignment of collagen fibres according to (3.12). Thus, the orientation of collagen deposited by the first fibroblasts to enter the wound influences the migration of subsequent arrivals because of contact guidance.
The reader is referred to appendix B for details on the implementation of the numerical solution of the model.
RESULTS
We investigate a baseline wound healing case using parameters (defined in appendix A) that produce a healing cascade as described in §1. Each simulation is over a two-week period, which covers the inflammation and proliferation stages which see the fibrin clot replaced with collagen under normal healing conditions. Given the uncertainty regarding the true values of many of the parameters, this investigation is of the sensitivity of the model outputs to variation of the baseline parameters.
The results for separate simulations with the same parameters are very similar, despite the stochastic variation introduced by the cell model. The results presented in figures 5 and 6 were obtained by running the simulations twice for each set of parameter values, and finding the average of the variable in question, such as cell population or mean collagen density in the wound space, at each time step. Images of the wound space showing key species in a representative simulation are shown in figure 7 .
TGF-b acts as a mediator for the duration of the simulation. The first macrophages enter the wound via random walks since the TGF-b gradient is low. They then synthesize TGF-b when exposed to the fibrin in the clot. This quickly establishes a significant cytokine gradient, which promotes large-scale influx of macrophages into the wound from the surrounding tissue. By the end of the second day, two clusters of macrophages have formed in the wound space, both centred on high-concentration 'hot spots' of TGF-b at the bottom and top of the wound, respectively, as illustrated in figure 7 . By the end of the fourth day, the fibrin in the clot is almost entirely broken down by the action of tPA (figure 5a). The macrophages stop producing TGF-b in response, and the total amount of the cytokine in the domain decreases from the fifth day onwards.
The increase in the fibroblast population inside the wound goes through two phases, as illustrated in figure 5b. The population increases rapidly for the first 4 days in response to the newly established chemotactic gradient. Population growth is more modest, and approximately linear, for the remainder of the two weeks due to TGF-b stimulated proliferation inside the wound. The majority of the cells migrate to the two TGF-b hot spots, where they cluster in a manner similar to that exhibited by the macrophages. As a result, the bulk of the initial collagen synthesis occurs in these regions, with the remainder of the wound space healing as fibroblasts migrate and proliferate to fill the wound more uniformly as the intensity of the hot spots decreases.
In each step of the baseline case, the cytokine TGF-b plays a central role. We now investigate three cases that affect this role in different ways.
Reduction of TGF-b expression by macrophages
In this case, the maximum rate of TGF-b synthesis by macrophages, as they migrate into the wound, is reduced from k 3 Z0.5 to 0.2 (see equations (A 1) and (A 2)). Modelling wound healing and scarring B. D. Cumming et al.
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As in the baseline case, the profile of the amount of TGF-b in the domain (figure 5c) peaks around the fifth day; however, from the second day onwards, it is half the baseline value. As illustrated in figure 8 , the hot spots of TGF-b are far less pronounced, and the number of cells of both species that migrate into the wound is reduced. However, the number of fibroblasts inside the wound is approximately the same as the baseline case, as a result of increased proliferation in the absence of clustering. Despite reduced collagen synthesis rates by individual cells, the proportion of collagen in the wound space is increased by the more spatially uniform fibroblast population from the fourth day onwards, as illustrated in figure 5d.
Decreasing the TGF-b diffusion coefficient
We investigate the effect of decreasing the minimum and maximum values of the TGF-b diffusion coefficient, D figure 9 , the cytokine gradient outside the wound space takes longer to form, and the hot spots in the wound are more concentrated and persistent. While the fibroblast population is of a similar size to that in the baseline case, the cells remain clustered around the hot spot in the middle of the wound space for longer, and synthesize less collagen at the periphery of the wound space as a result. The subsequent reduction of total collagen synthesis inside the wound can be seen in figure 5d.
Varying the number of available cytokine receptors on a cell
The results so far show the importance of TGF-b in orchestrating the initial phases of healing. This suggests that the manipulation of TGF-b could be used to control healing. However, in a clinical application, it may not be possible to alter the production rate by macrophages or the rate of diffusion directly. Blocking of cytokine receptors may offer a way to clinically influence the role played by such cytokines. Here, we investigate the effect of reducing the proportion of available receptors on both macrophages and fibroblasts from n a Z1 to 0.5 and 0.2 using the baseline parameters. For the baseline case, each successive reduction in the parameter n a reduces the amount of TGF-b in the domain, as illustrated in figure 6 . As a result, fewer macrophages migrate into the wound and those that do express less of the cytokine. The fibroblast population in the wound varies little after the sixth day, after the initial influx of fibroblasts from the surrounding tissue has finished. This is because the fibroblasts do not proliferate as the proportion of bound receptors required for proliferation, n prol Z0.5, and cannot be reached when n a %0.5. Despite the lower TGF-b levels and lower fibroblast population, the rate of wound healing increases when cell receptors are blocked. The sparser fibroblast population is more evenly distributed as a result of lower chemotactic response, and this leads to faster collagen deposition away from the hot spots, with 90 per cent of the wound healed in half the time for n a Z0.2. A reduction in the proportion of bound receptors in the second case, when the rate of diffusion of TGF-b is decreased, leads to similar reductions in the levels of TGF-b and the fibroblast population. Similarly, the rate of healing is faster than n a Z1 for both n a Z0.5 and n a Z0.2, although it is slower for n a Z0.2 than n a Z0.5. As noted earlier, when the diffusion coefficient D t is decreased, the TGF-b gradient around the wound space forms more slowly. The cells with n a Z0.2 do not respond strongly to the weak gradient, when compared with cells with more available receptors. Healing is slower between days 2 and 6, but by the sixth day a steep enough gradient has been established to attract enough fibroblasts into the wound to ensure rapid healing.
The degree of scarring in healed tissue
The analysis presented so far has focused on the rate of healing, measured by the proportion of the wound space composed of collagen over time. In our work, as was noted in the previous work of Dallon et al. (1999) , the increased alignment of collagen fibres in healed tissue is associated with scarring. However, from an inspection of the fibres in figures 7-9 it is not obvious whether there is any significant difference between the orientations of the healed tissue in each case.
Here, we investigate the properties of the healed tissue in the baseline case to the properties of tissue; the proportion of available receptors on cells, n a , is varied over the range n a Z{1, 0.9, 0.8, 0.7, 0.5, 0.2}. Modelling wound healing and scarring B. D. Cumming et al.
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The orientation of healed collagen shows a more random variation between simulations associated with stochastic effects than other measures, such as TGF-b concentration and fibre density, and it was found that simulations had to be run 20 times for each case and fibre orientation properties averaged. The mean value of the measure of isotropy, e, defined by expression (3.8), inside the wound space is used as a metric of the degree of scarring, and is plotted for each case in figure 10 . There is a clear trend for collagen in the healed tissue to be less aligned when the proportion of the cells' TGF-b receptors is reduced. Visual inspection of the spatial variation of the isotropy measure, e, in figure 11a, shows that when no receptors are blocked, there is a higher level of collagen alignment, particularly at the lower edges of the wound space, where the initial influx of fibroblasts enters the wound. These migrating fibroblasts synthesize collagen in their direction of travel, with the resulting fibres aligned from the edges towards the centre of the wound. This can be seen clearly in the streamline image of the healed collagen in figure 11b . By reducing the number of available receptors, the initial rate of collagen synthesis by fibroblasts is reduced and cells migrate in more random paths. As a result, the healed tissue becomes more isotropically aligned as more receptors are blocked. Fibroblasts synthesize collagen in their direction of movement, so the more random the cell paths, the more variation there is in fibre orientation. Also, when individual cells synthesize less collagen, the first cell to migrate into a region will synthesize less collagen, so that subsequent arrivals moving in other directions have more 'space' to synthesize collagen. The results of reducing the parameter n a are very similar to those from modelling the application of a TGF-b blocker by McDougall et al. (2006) , an extension of the work of Dallon et al. (1999) , with similarities between both the degree and the direction of alignment in the baseline and reduced receptor/TGF-b blocking/ inhibition. In that study, the authors also concluded that the higher turning rate of cells when TGF-b is inhibited leads to more random/isotropic fibre orientation.
DISCUSSION
Modelling dermal wound healing has become an area of intense research in the last two decades, driven primarily by researchers attempting to understand proportion of available receptors (n a ) average tissue isotropy (e) Figure 10 . Plot of mean value of e, the measure of fibre isotropy, of collagen in healed wounds as the proportion of available TGF-b receptors, n a , is reduced.
Modelling wound healing and scarring B. D. Cumming et al. 29 the phenomena that lead to impaired wound healing. Chronic wounds, such as leg ulcers, often associated with diabetes, are a significant burden on a community's healthcare budget and are debilitating and painful for the patient. On the other hand, some wounds heal quickly, but do so with excessive scarring.
The multiscale model that we have developed here is more general than those developed previously and can be used as a framework to study both the inflammation and proliferation stages of wound healing. As a general framework, it allows, for example, for the introduction of cytokine-dependent proliferation or the inhibition of mitosis when space is not available. Other cell behaviours can be introduced relatively easily. The main aim of the present work has been to establish a general framework for two-dimensional hybrid multiscale modelling of wound healing. Now that the base model has been formulated, it has the potential to be used for more general models. Here we discuss some possible extensions.
The framework we have developed is two-dimensional; however, it would carry over to three dimensions easily. In the work presented here, the clumping of cells had a very significant impact on the predictive outcomes, impairing migration and cell division. In three dimensions, the cells would have much more freedom to move past one another and to proliferate.
The modelling described here does not include the ingrowth of the epidermis (at the top of the computational domain). It is known that there is a strong interaction between the epidermal and dermal cells in wound healing, which has been implicated in the development of hypertrophic scars (Bellemare et al. 2005) . This interaction involves chemical signals, and the modelling framework developed here could be extended to model the restoration of the epidermis by cell migration and chemical signalling.
In this work, we modelled healing by first intention, where we assume that wound contraction is small. If the work is to be extended to healing by second intention, where contraction can be significant, a mechanical model would be required. Hybrid models that include the stresses induced by discrete cells exerting traction on the ECM have been introduced recently (Kim et al. 2007) . Such an extension would also allow for the investigation of the mechanical interaction between the dermal and epidermal cells (Cruywagen & Murray 1992) , and the recent observation that the differentiation of fibroblasts to myofibroblasts (the cells that exert more cell traction in a wound) requires both TGF-b and mechanical stress.
Another important extension is to include new blood vessel growth (angiogenesis) into a wound. As pointed out by Murray (2003) , there are no mechanical models of wound healing which include angiogenesis, even though it is known that successful ingrowth of blood vessels is a crucial step in successful wound healing.
In summary, we have developed a flexible framework to investigate dermal wound healing. We have demonstrated some of its predictions with examples that relate to scarring, and have outlined how it can be extended to form the basis of a powerful predictive tool. Such a tool could be used to test hypotheses about interventions that might be proposed to ameliorate hypertrophic scarring or to improve the healing of chronic wounds.
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APPENDIX A. PARAMETER AND KINETIC FORM DESCRIPTION
A.1. tPA production at wound edges A very simple model is used for the release of tPA by healthy endothelium at the boundary of the wound. The source term T in (4.2) is set to be constant in a 20 mm wide strip on the left, right and lower edges of the wound space, and zero everywhere else.
A.2. TGF-b expression by macrophages
The source term for the expression of TGF-b in the wound space in equation (4.4) is given by
where w i is the weight function defined in (B 4). In our model, TGF-b synthesis by macrophages is stimulated by direct contact with fibrin in the clot and exposure to TGF-b, so that
where k 3 is the maximum rate of TGF-b expression by a macrophage, and r n and r f vary linearly between minimum values k 4 and k 5 , respectively, and unity
A.3. Diffusion coefficients of the chemical species
It is assumed that the diffusion coefficients for both tPA and TGF-b, D p and D t , respectively, are lower in the fibrin clot and follow the linear forms
where D min is the diffusion rate inside ECM completely composed of a fibrin clot, and D max is the diffusion rate in tissue free of fibrin.
A.4. Collagen synthesis by fibroblasts
The net collagen synthesized by fibroblasts in (4.3) is defined by
where the tensor U i Z u i u T i aligns the collagen synthesized by cell i with the cell's direction of orientation, u i Zg i /kg i k 2 . The weight function w i is calculated using (B 4). It is assumed that the rate of collagen synthesis by a fibroblast, r Fc , increases linearly as the proportion of bound TGF-b receptors increases, so that
where k 1 and k 2 are the maximum and minimum collagen synthesis rates, respectively, inside the wound space by an individual fibroblast.
A.5. Cell speed
We assume that a cell's progress is hindered in the dense fibrin clot that initially occupies the wound space, and that it is most mobile in the granular tissue, which in our model corresponds to areas inside the wound space with little collagen after the initial fibrin clot has been degraded. For simplicity, this is modelled as the product of two decreasing linear functions of fibrin and collagen density in the equation for cell speed
where s max is the maximum cell speed, and k 6 and k 7 are the scaling factors for decrease in cell speed as fibrin and collagen densities increase, respectively (in the range 0%k 6 , k 7 %1 to ensure positive cell speeds).
The other factor that affects cell speed is the exposure to TGF-b. This is reflected in the third term of (A 9), which is an increasing function of the number of bound TGF-b receptors. The form of the function, illustrated in figure 12 , is chosen such that the cell speed increases
Modelling wound healing and scarring B. D. Cumming et al.
quickly after an initial exposure to the cytokine, with relative insensitivity to increased exposure.
A.6. Parameter values
The parameters for the model equations are given in table 2. Accurate estimates for many of the parameters are not available in the literature, and others, such as the stochastic parameters governing cell motion, would require experimental work to determine. Where possible, values were taken from the literature, and others are chosen to produce a reasonable representation of the wound healing cascade for the simple scenario of healing from first intention. Thus, the focus of the analysis in §5 is on the sensitivity of the model to parameter variation, to illustrate the insights that can be gained using the multiscale modelling framework presented in this paper.
-The parameters governing tPA diffusion, production and its subsequent interaction with the fibrin clot in equations (4.1) and (4.2) were chosen so that the fibrin clot decays within 5 days, with an 80 per cent reduction in fibrin density within 4 days. -The parameters governing cell paths in equations (3.9) and (3.11) were chosen so that both macrophages and fibroblasts show a strong chemotactic response to TGF-b exposure. The receptor binding rates and stochastic noise are the same for both cell types; however, macrophages show a lower tendency to align in the direction of the TGF-b gradient, and exhibit lesser directional persistence than fibroblasts. Thus, macrophages migrate into the wound in response to the initial chemotactic gradient before fibroblasts since their speed is higher, and migrate throughout the entire wound and then leave the wound earlier than the fibroblasts as TGF-b levels decrease. -The values of parameters in the cell speed equation (A 9) were chosen to give realistic speeds. For simulations with the baseline parameters, fibroblasts travel an average distance of 30 mm per hour in the tissue surrounding the wound, with far lower values inside the wound space initially due to high fibrin density, and later contact inhibition from other cells that migrate into the wound. This is in accordance with the experimentally observed speeds of 12-60 mm h K1 in vitro for fibroblasts in three-dimensional collagen gells (Friedl et al. 1998 ).
-The cell radius defines the region of a cell's influence on the domain and the region of contact inhibition. The values given correspond with the lower range of values for the size of nuclei of the respective cells, so that the effect of collisions between cells during migration was not too large. -The TGF-b synthesis rates by macrophages, and the TGF-b diffusion rate (see appendices A.6 and A.2), were chosen to give a concentration profile of TGF-b inside the wound that agrees with those measured by Yang et al. (1999) in experiments on rats, with a peak in TGF-b levels inside the wound around the fifth day. It is interesting to note that the parameter variations chosen for our sensitivity analysis affected the amount of TGF-b in the wound, but had very little effect on the time at which the peak occurred. -Given the other parameters, collagen synthesis rates by fibroblasts defined in appendix A.4 were set to produce healing of the wound within a two-week time frame with the baseline parameters.
APPENDIX B. NUMERICS
B.1. Description of numeric procedure
The set of coupled equations describing the species in the model are integrated using fully explicit in time (Euler) integration due to the stochastic terms in the cell equations. A time step of DtZ10 K3 hours was chosen to ensure the stability of the finite-volume solution of the chemical PDEs.
The diffusion equations for chemical species are solved on a regular grid using the finite-volume method. The fibre species are updated on the same mesh. The full algorithm for time stepping the solution is outlined below. 
B.2. Streamline interpolation
Each of the streamlines is seeded at a starting point x 0 Zx(0) in the direction of predominant fibre orientation at that point v(0), then integrated numerically so that xðlÞ Z xð0Þ C
where l is arc length and the streamline orientation v(l ) is defined by dv dl Z kÛv; ðB 2Þ
andÛ is the normalized (length-preserving) fibre orientation tensor at x(s). The parameter k, set to kZ1 for generating the images in this paper, affects the sensitivity of the streamline curvature. Unlike normal streamlines, the pseudo-streamlines can cross paths. Streamlines are more likely to cross as the isotropy of the field increases (see figure 2b for an image of an isotropic field). In anisotropic fields, the lines tend to align with the degree of alignment dependent on the extent of the anisotropy (see figure 2a for an example of aligned streamlines in a uniformly anisotropic field). When visualizing fields with large degrees of local and global anisotropy, artefacts occur when a grid of regularly spaced seed points is used. To avoid these artefacts, small random perturbations are made to the otherwise regularly spaced x 0 . The perturbations are vectors of fixed length, kpkZe for a user-defined value of e, of random orientation, such that the perturbed seed point for integration isx 0 Z x 0 C p.
B.3. Interpolation between cells and continuous variables
In the hybrid framework, fibrous networks and chemicals are modelled with continuous variables defined everywhere on the domain (the orientation tensor and concentration, respectively). On the other hand, individual cells are defined as discrete individuals, which are free to move around the domain. Interpolation is required to calculate both the values of the continuous variables at the centre of each cell, and to determine the values of the combined cell weight functions at each point on the Eulerian mesh. The continuous variables are discretized on a regular Eulerian mesh, with a separation distance between mesh nodes of 5 mm. Each cell occupies a disc on the domain, but for cell-based calculations, single values, such as cytokine concentrations, are required. These are calculated at the centre of the cell using a bilinear interpolation of the continuous variable.
Cells contribute to the source terms of the PDEs that describe the time evolution of the continuous species. For example, the rate of TGF-b synthesis by an individual macrophage is defined as a scalar value, r Mt in (A 2). For integration of the continuous species, these single values need to be interpolated from the scattered cell centres onto the Eulerian mesh.
Dallon (2000) investigated such cell-to-mesh interpolation. There the support of the cell was either a Dirac delta function or the same as the internodal distance on the mesh. However, in our model, the cells have an area significantly larger than the internodal distance, which acts as the support for the interpolation function. To describe such a support, we define the weight function w(r) such that ð 2p 0 ð R 0 wðrÞr dr dq Z 1; ðB 3Þ
where R is the cell radius and r is the distance from the centre of the cell. The weight function varies linearly from the centre of the cell to the edge wðrÞ Z sð1Kr=RÞ r % R;
where sZ3/(pR 2 ) is chosen such that (B 3) is satisfied. Thus, the total contribution to the source term for an entire cell population of size N at any point x2U, where the contribution from each individual cell is the scalar value s i , is where f i is the centre of each cell and s i is the scalar contribution of each cell to the source term.
